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Stepwise dismantling of adenovirus 2 during entry into cells
Abstract
Adenoviruses enter their host cells by receptor-mediated endocytosis and acid-activated penetration
from endosomes into the cytosol and deliver their DNA genome into the nucleus. Our results show that
incoming adenovirus type 2 particles undergo a stepwise disassembly program necessary to allow
progress of the virus in the entry pathway and release of the genome into the nucleus. The fibers are
released, the penton base structures dissociated, the proteins connecting the DNA to the inside surface of
the capsid degraded or shed, and the capsid-stabilizing minor proteins eliminated. The uncoating process
starts immediately upon endocytic uptake with the loss of fibers and ends with the uptake of dissociated
hexon proteins and DNA into the nucleus.
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Adenoviruses enter their host cells by receptor-medi- 
ated endocytosis and acid-activated penetration from 
endosomes into the cytosol and deliver their DNA ge- 
nome into the nucleus. Our  resultsshow that incoming 
adenovirus type 2 particles undergo a stepwise disas- 
sembly program necessary to allow progress of the 
virus in the entry pathway and release of the genome 
into the nucleus. The fibers are released, the penton 
base structures dissociated, the proteins connecting 
the DNA to the inside surface of the capsid degraded 
or shed, and the capsid-stabilizing minor proteins 
eliminated. The uncoating process starts immediately 
upon endocytic uptake with the loss of fibers and ends 
with the uptake of dissociated hexon proteins and DNA 
into the nucleus. 
Introduction 
To enter their host cells, viruses must achieve three major 
goals: they must transfer their genome and accessory pro- 
teins across the plasma membrane into the cytosol, they 
must target these components to the right organelle, which 
is often the nucleus, and they must release structures from 
their packaged, condensed transport configuration. These 
processes are rather well understood for several enve- 
loped animal viruses that use refined strategies of mem- 
brane fusion and uncoating (for reviews see Helenius, 
1992; Kielian and Jungerwirth, 1990; Marsh and Helenius, 
1989). Some penetrate directly through the plasma mem- 
brane while others enter from endosomes (Helenius et al., 
1980; Pauza, 1991; Rigaut et al., 1991; Wittels and Spear, 
1991). For nonenveloped viruses, the early events in the 
replication cycle are far less understood. While consider- 
able progress has been made in identifying cell surface 
receptors and characterizing virus-receptor interactions, 
the mechanisms for penetration, intracellular targeting, 
and uncoating remain largely unknown. 
Adenoviruses are exceptionally well characterized in 
terms of structure and replication. Besides being invalu- 
able as model viruses in molecular biology, they are im- 
portant as pathogens and as transforming viruses (see 
Grunhaus and Horwitz, 1992; Horwitz, 1990). Recently, 
they have acquired special interest as one of the most 
effective viral vehicles for gene therapy (Gotten et al., 
1993; Jaffe et al., 1992; Ragot et al., 1993; Rosenfeld et 
al., 1991, 1992). Advantages of this virus for gene delivery 
are the abilities to infect nondividing cells, to enter a large 
number of cell types, and to be readily available in purified 
form as stable, recombinant, and replication-defective par- 
ticles that can carry large inserts (see Mulligan, 1993). 
The adenoviruses consist of an icosahedral particle with 
a double-stranded genomic DNA and 1 l-l 5 structural pro- 
teins (see Horwitz, 1990). In the infected cell, the capsid 
structure is assembled first, followed by packaging of the 
DNA and accessory proteins into the preassembled parti- 
cle (Grable and Hearing, 1992; Horwitz, 1990). The capsid 
consists of 12 vertices and 20 facettes and at least six 
different polypeptides (see Horwitz, 1990). Each facette 
contains 12 hexons, the most abundant capsid protein 
(Burnett, 1985; Grutter and Franklin, 1974; Roberts et al., 
1986). The facettes also contain three minor proteins, Illa, 
VIII, and IX (Furcinitti et al., 1989; Stewart et al., 1991, 
1993) that are thought to stabilize and link the facettes 
and connect them to the DNA. The peripentonal hexons 
are associated with protein VI, which links the inside sur- 
face of the capsid and the DNA (Stewart et al., 1993). 
The penton base protein is associated with peripentonal 
hexons in proximity to protein llla (Everitt et al., 1973; 
Philipson, 1983; van Oostrum and Burnett, 1985). Protein 
llla is monomeric and appears to span adjacent facettes. 
A portion of llla also seems to extend into the capsid (Stew- 
art et al., 1993). The penton base, in turn, binds the pro- 
truding trimeric fiber protein (Boudin et al., 1979; Devaux 
et al., 1990; Valentine and Pereira, 1965; van Oostrum 
and Burnett, 1985). 
For cell entry, adenoviruses attach with high affinity to 
cell surface receptors via the fiber protein (Defer et al., 
1990; Philipson et al., 1968). While the identity of the pri- 
mary receptors is still unknown, the vitronectin-binding 
integrins have recently been identified as a secondary re- 
ceptor (Wickham et al., 1993). They mediate virus internal- 
ization through attachment to the penton base protein. 
The cell surface-bound viruses are internalized via recep- 
tor-mediated endocytosis (Chardonnet and Dales, 1970; 
FitzGerald et al., 1983; Vargaet al., 1991). In endosomes, 
they encounter an acidic pH, which somehow triggers their 
penetration into the cytosol (see Pastan et al., 1986). Elec- 
tron microscopic analysis indicates that the particles are 
released into the cytosol with intact morphology, whereaf- 
ter they bind to the nuclear pore complexes (Chardonnet 
and Dales, 1970, 1972; Morgan et al., 1969). By a poorly 
understood process, they release their DNA into the nu- 
cleus. With a particle diameter of 65-80 nm (excluding 
the fibers) and a molecular mass of about 150 x lo6 dal- 
tons, they are too large to enter through the nuclear pores 
in undissociated form (Horwitz, 1990). 
We have studied the uncoating of adenovirus type 2 in 
vivo using quantitative biochemical and immunochemi- 
cal methods combined with immunocytochemical tech- 
niques. The results show that the interactions that hold 
the extracellular virus together are systematically elimi- 
nated in a series of distinct steps that occur at different 
stages of the cell entry pathway. 
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Figure 1. Kinetics and Efficiency of Endocytosis 
[%S]methionine-labeled adenovirus (2.5 x IO5 cpm) was bound to KB 
cells at 1 pfu per cell for 90 min on ice and endocytosed at 37%. At 
the indicated times, the cells were treated with (plus) or without (minus) 
trypsin, before (plus) or after (minus) permeabilization with detergent, 
respectively. Postnuclear supernatants were analyzed by SDS-PAGE, 
fluorography, and autoradiography (inset). The amounts of cleaved 
and protected hexon were determined by densitometry and displayed 
as percent of control hexon at time 0 of endocytosis without trypsiniza- 
tion. The asterisk indicates a 65 kd fragment of hexon at 40-120 min 
of warming. 
Results 
Endocytosis and Penetration 
To analyze quantitatively the kinetics and efficiency of vi- 
rus binding and internalization, we took advantage of tryp- 
sin cleavage sites present in the surface-exposed loop 1 
of the hexon protein (Jiirnvall and Philipson, 1980; Petters- 
son, 1971; Roberts et al., 1986). [%]methionine-labeled 
virus was allowed to bind to cells on ice. At different times 
after warming to 37OC, the cells were placed on ice and 
digested with trypsin. The hexon proteins in virus particles, 
present on the cell surface, were quantitatively digested, 
giving rise to two fragments of about 80 kd (Figure 1, insert). 
We found that 80% of the cell-associated viruses were 
rapidly internalized after warming, and about 20% of 
bound virus was released from the cells into the medium 
(Figure 1). Similar efficiencies and rates of uptake were 
obtained whether the multiplicity was 1, 10, or 200 pfu per 
cell. Internalization started after a 5 min lag, whereafter 
80% of the bound virus was endocytosed within 20 min, 
with a half time of 10 min. When the cells were detergent 
solubilized to expose latent intracellular viruses, trypsin 
cleavage of the cell-associated hexon proteins was again 
observed (see Figure 1, inset). 
To determine the kinetics of the low pH-mediated pene- 
tration of the virus from endosomes (Seth et al., 1984; 
Svensson, 1985), we examined virus infection in the pres- 
ence of ammonium chloride and monensin. Monensin in- 
hibited the infection about 25fold and ammonium chloride 
about 7-fold. Neither drug had significant effect on the 
efficiency of virus binding and endocytosis. Since ammo- 
nium chloride raises the endosomalllysosomal pH within 
1 min after addition (Okhuma and Poole, 1978) it could 
be used to define the time course of virus penetration from 
endosomes (Helenius et al., 1982). Adenoviruses were 
Figure 2. Kinetics of Penetration from Endosomes into the Cytosol 
Purified virus was bound on ice to A549 cells that were pretreated or 
not with 25 mM NH&I for 30 min at 37%. At the indicated times of 
endocytosis, NH&I was added for 120 min before the cells were over- 
laid with agar. The mean values of two independent experiments are 
displayed together with the standard deviations for each time point. 
bound to cells at 4OC, and ammonium chloride was added 
at different times before and after warming to 37%. The 
inhibitor was then left in the cultures for 120 min. As ex- 
pected, the virus yields at the end of the infection period 
showed that inhibition was dependent on the time of am- 
monium chloride addition (Figure 2). Half-maximal inhibi- 
tion occurred 15 min after warming, indicating that pene- 
tration by acid-activated endocytosis occurred with a half 
time of approximately 5 min after endocytic uptake. This 
timing suggested that the site of penetration was the early 
endosome (see Mellman, 1992). 
Proteolysis of Structural Proteins 
Consistent with prelysosomal escape from the endocytic 
pathway, we found little evidence for overall degradation 
of structural proteins of incoming virus particles. Less than 
5% of [35S]methionine counts was recovered in trichloro- 
acetic acid (TCA)-soluble form in the medium or in the 
cells after 3 hr. Since this did not exclude the possibility 
of partial cleavages or degradation of minor structural pro- 
teins, we analyzed the polypeptide pattern of [?S]methio- 
nine-labeled virus at different times after entry into cells. 
The gels revealed that several proteins (the penton base 
protein, protein VIII, protein IX, and the combined bands 
of proteins llla and fiber) remained essentially unchanged 
from the time of attachment to 40-80 min after warming 
(Figure 3A). This was in agreement with earlier results 
(Sussenbach, 1967). However,  for the hexon-associated 
protein VI and the hexon itself, there was clear evidence 
of proteolytic processing. 
Protein VI is located inside the capsid connecting the 
peripentonal hexons and associating with the DNA (Stew- 
art et al., 1993). Our  densitometric quantitation showed 
that the protein VI band disappears from the incoming 
virus with a half time of about 20 min after warming (Figure 
38). The timing suggested that proteolysis takes place 
approximately 5 min after the acid-activated penetration 
into the cytosol. Neither monensin nor leupeptin inhibited 
the cleavage, suggesting that lysosomallendosomal hy- 
drolases were not involved (see Seglen, 1983). The lack 
of inhibition by monensin implied that neither exposure to 
an acidic environment in the endosomes nor penetration 
into the cytosol could be a prerequisite for protein VI diges- 
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F:igure 3. Degradation of Incoming Viral Proteins 
(A) Prebound [“Slmethionine-labeled virus was endocytosed at 37OC 
into KB cells. Cell lysates were precipitated with TCA and analyzed 
by SDS-PAGE and autoradiography. Note that proteins llla and fiber 
were not resolved in these extracts owing to abundant cellular proteins 
of similar mobility. The asterisk indicates a 65 kd proteolytic fragment, 
and the triangle indicates a 61 kd proteolytic product of unknown origin. 
Viral proteins are identified on the left, and molecular mass markers 
are displayed on the right. Purified virus is shown as a control (lane 
Ade 2). 
(I9 In parallel experiments, [35S]methionine-labeled virus was endocy 
tosed into KB ceils treated with monensin or leupeptin. The amounts 
of protein VI at each time point of control cells (minus Mon and minus 
Leup), monensin-treated cells (plus Mon), and leupeptin-treated cells 
(plus Leup) were analyzed by phosphorimaging of SDS gels and graph- 
ic:ally displayed after normalization to the amounts of hexon protein 
at each time point. The amounts of hexon present in the control cells 
(minus Mon and minus Leup) are also indicated. The ratio of protein 
VI to hexon in purified virus was taken as 100% (see [A], lane Ade 
2). Of protein VI, 50% was degraded after 20 min in monensin or 
mock-treated cells (arrow) and after about 30 min in leupeptin-treated 
cells. Note that the amount of protein VI in the control cells after 60 
mlin was inflated owing to minor degradation products comigrating 
with protein VI (time point in parentheses). 
tiion. Given the internal location of this protein in the virus 
particle, it is possible that the degradation event is cata- 
lyzed by the viral DNA-associated cysteine protease 
(Mangel et al., 1993; Tihanyi et al., 1993; Webster et al., 
1’993), for which protein VI is known to be a substrate 
(AkusjPrvi and Persson, 1981; Anderson et al., 1973). 
The hexon protein was most likely the cause of a tran- 
sient 65 kd band appearing at 40 min and for some smaller 
mlolecular mass bands (see Figure 3A, asterisk). This was 
consistent with the observation that, among the larger pro- 
teins, the hexon band was the only one showing substan- 
tial decrease in intensity during entry (for quantitative doc- 
Figure 4. Shedding of Fiber from Incoming Virus 
(A) Prebound [3H]thymidine-labeled adenovirus was internalized at 
37OC into KB cells that were treated (squares) or not treated (circles) 
with monensin. Detergent-cell lysates were immunoprecipitated with 
anti-fiber antibody R72, and the bound fractions (closed symbols) were 
plotted versus time of warming. Total (open symbols) was the sum of 
[3H]thymidine counts in the detergent-insoluble pellet plus the bound 
and unbound fractions of the immunoprecipitates. 
(B) Prebound [“Slmethionine-labeled virus was endocytosed at 37OC 
into KB cells for the indicated times. Anti-fiber antibody (R72) immuno- 
complexes were analyzed by SDS-PAGE and autoradiography. Puri- 
fied virus is shown as a control (lane Ade 2). Viral proteins are identified 
on the left, and molecular mass standards (MW) are shown on the 
right. 
umentation see Figure 38). In addition, the 65 kd fragment 
could be immunoprecipitated with anti-hexon antibodies 
(data not shown). Since its appearance was fully inhibited 
by monensin (which prevents penetration) and was unaf- 
fected by leupeptin (an inhibitor of lysosomal degradation, 
which had no effect on adenovirus cell infection), we be- 
lieve that penetration is required for this proteolytic event. 
The cleavage occurred in the cytosol or in the nucleus 
and coincided approximately with the onset of hexon dis- 
sociation from the viral DNA (see below). 
An additional 61 kd band (see Figure 3A, triangle) and 
a band of about 25 kd (not marked) were also frequently 
seen after virus entry, up to 160 min after warming. They 
were most likely induced by postlysis degradation of one 
of the larger viral proteins. Bands of similar mobility were 
occasionally present in purified virus and immunoprecipi- 
tates of isolated virus (data not shown). 
Collectively, the results showed that most of the viral 
proteins remained intact for long periods of time after pen- 
etration. A subpopulation of hexons and the majority of 
protein VI underwent proteolysis. This raises the possibil- 
ity that controlled proteolysis may play a role in the uncoat- 
ing process, e.g., to dissociate the DNA from the inside 
surface of the capsid to which it is bound by several pro- 
teins. 
Shedding the Fibers 
Using anti-fiber and anti-hexon antibodies and a coprecipi- 
tation approach, we examined whether dissociation of the 
vertex occurs during virus entry. Surface-bound [3H]thymi- 
dine or [35S]methionine-labeled viruses were allowed to 
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Figure 5. Intracellular Adenovirus Contains Hexon, but Not Fiber Antigens 
KB cells were continuously infected with adenovirus (about 10,000 pfu per cell) for 60 min at 37%. Unbound virus was washed off, and cells were 
fixed and processed for thin section cryoelectron microscopy. lmmunolabeling was with anti-fiber antibody R72 (A) and anti-hexon antibody R70 
(B), respectively. Note that the anti-fiber antibody exclusively labeled virions at the cell surface, but not inside vesicles or in the cytosol. Occasionally, 
gold particles were found in the cytosol without detectable virus particles (arrows in [A]). In contrast, the anti-hexon antibody labeled virions in 
intracellular vesicles (8) and near the nuclear pore complex (inset in [B]). Scale bars, 200 nm. 
enter cells for different periods of time. The cells were 
lysed with the zwitterionic detergent Empigen and immu- 
noprecipitated with anti-fiber antibody R72. Underthe con- 
ditions used, the isolated viruses remained intact and pre- 
cipitable. 
The [3H]thymidine counts precipitated with anti-fiber an- 
tibodies dropped by half within 12 min and by 90% within 
60 min after warming (Figure 4A). This indicated that the 
fiber dissociated from the viral DNA at an early stage of 
entry. The reaction clearly occurred before the acid- 
activated penetration. Indeed, as shown in Figure 4A, mo- 
nensin had no effect on fiber and DNA dissociation, im- 
plying that the loss of fiber represented a reaction that did 
not require low pH. 
When the experiment was repeated with [YS]methio- 
nine-labeled virus, it was found that the fiber also dissoci- 
ated from the hexon and from all the major structural pro- 
teins, including the penton base to which it is attached 
through its N-terminal sequences (Devaux et al., 1987) 
(Figure 46). Of the hexon, 50% dissociated from the fiber 
after about 10 min of warming, as determined by quantita- 
tive densitometry (data not shown). After 90 min, the 
amount of coprecipitated hexon was reduced to about 5%. 
Although dissociated from the rest of the virus particle, 
the fiber protein remained associated with the cells and 
largely undegraded up to 30-60 min after warming. 
To verify further the conclusion that fibers dissociated 
from incoming viruses, wedetermined the cellular localiza- 
tions of the fiber and hexon proteins of incoming virus 
using immunocytochemistry at the electron microscope 
level (Figure 5). The results showed that surface-bound 
viruses contained the fiber and the hexon proteins, 
whereas viruses in endosomes, in the cytosol, and on the 
nuclear pore complexes did not (Figure 5A). The hexon 
antibodies stained all viruses irrespective of localization 
(Figure 58). 
We concluded that the fibers dissociate from the penton 
base and the incoming virion. This is an efficient process, 
which occurs early in the entry pathway following (or coin- 
ciding with) endocytosis from the plasma membrane. Fiber 
release from the particle may be essential for virus endocy- 
tosis, since isolated fibers are not internalized (Wickham 
et al., 1993). 
Other Dissociation Events 
To analyze further the dismantling of the incoming viruses, 
coimmunoprecipitation analysis was carried out using the 
anti-hexon antibody. First, we determined the kinetics of 
DNA release (Figure 6A). Separation of hexon and PHIthy- 
midine DNA started after a lag of about 15-20 min at 37%. 
After 35 min, approximately half of the internalized viral 
DNA was no longer associated with hexon-containing par- 
ticles. The efficiency of DNA release after 2 hr was about 
50% of the endocytosed, immunoprecipitated DNA, and 
the half time of release varied between experiments from 
30 to 55 min postwarming. Essentially no DNA release 
occurred in the presence of monensin (Figure 6A). After 
about 45 min of warming, incoming particles were found 
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Figure 6. Dissociation of DNA and Minor Capsid Proteins from the 
Incoming Virus 
(A) Prebound [3H]thymidine-labeled virus was endocytosed at 37°C 
into KB cells and treated (squares) or not treated (circles) with monen- 
sin. Detergent cell lysates were immunoprecipitated with anti-hexon 
antibody R70, and the bound fractions (closed symbols) were plotted 
versus time of warming. Total (open symbols) represented the sum 
of detergent-insolublecounts plus bound and unbound immunoprecip 
it,ate fractions. The time 0 data points of the hexon-bound as well as 
the total counts per minute include the shedded particles and are 
therefore put into parentheses. 
(B) Prebound [“Slmethionine-labeled virus was endocytosed for differ- 
ent times into KB cells. Anti-hexon immunoprecipitates were analyzed 
by SDS-PAGE and autoradiography, and proteins Illa, penton base 
(Base), VIII, and IX were quantitated by densitometry and plotted after 
normalization to the amounts of hexon present at each time point. The 
40 min time point of the penton base analysis (put into parentheses) 
was derived from an identical experiment performed in the presence 
of monensin to inhibit the proteolytic fragments comigrating with the 
penton base. The ratio of the respective proteins to hexon, present 
in purified virus, was 100%. The quantities of hexon at each time point 
are indicated in arbitrary units. 
at nuclear pore complexes (four to six per cell in a given 
section), suggesting that the DNA release occurred at the 
nuclear membrane. Surprisingly, a small but consistent 
fraction of the hexon protein was found in the nucleus 
(data not shown). 
To determine which viral polypeptides remained associ- 
ated with the hexon-containing particles during different 
stages of entry, we used [35S]methionine-labeled virus and 
precipitated with anti-hexon antibodies. Densitometric 
quantitation of coprecipitated proteins is shown in Figure 
6B. Although there was some loss of total hexon during 
the first 160 min period, the coprecipitating proteins Illa, 
VIII, and IX diminished rapidly, with half times of 11, 10, 
and 30 min, respectively. 
Protein llla is located near the vertex close to the peri- 
pentonal hexons, linking adjacent facettes with each other 
(Everitt et al., 1975; Stewart et al., 1993). It is important for 
the packaging of the DNA during viral assembly (Boudin et 
al., 1980). For the incoming virus, loss of protein llla could 
Figure 7. Sequence and Efficiencies of the Stepwise Uncoating of 
Adenovirus 2 during Cell Entry 
Cell infection is initiated by adenovirus binding (100%) to a high affinity 
fiber receptor. Internalization via coated pits occurs after a lag of 5 
min with an efficiency of 80%-850/a and a half time of 10 min. Efficient 
penetration (about 90%) from endosomes happens after 15 min, and 
viruses are found at nuclear pore complexes after 35-45 min. About 
40% of the originally cell-bound viruses release their DNA, which is 
imported into the nucleus along with a fraction of the hexon protein 
of the disassembled capsids. The efficiencies of the individual disman- 
tling events are indicated in parentheses. Bars represent the fibers, 
closed small circles represent the vertex complex, and the closed 
hexagon and the closed large circle depict the viral chromosome. 
be a necessary step, together with the shedding of fibers, 
to activate the lytic function of the virion. Protein VIII is 
located inside the shell and has a possible role in attaching 
the DNA to the capsid (Everitt et al., 1975; Stewart et al., 
1993). The release of protein IX, a stabilizing factor im- 
portant for the protection of the capsids against thermal 
denaturation (Colby and Shenk, 1981; Furcinitti et al., 
1989), may weaken the capsid such that the DNA can 
finally escape from the shell. 
The fate of the penton base was more difficult to deter- 
mine because of minor proteolytic fragments obscuring 
the position of the penton base after 20-40 min of infection. 
However,  when viruses were allowed to enter for fewer 
than 20 min or for up to 40 min in the presence of monensin 
(which blocked the penetration event in endosomes and 
prevented the generation of these particular degradation 
products), the dissociation of the penton base protein from 
hexon was evident. It occurred with a half time of 15-16 
min, essentially independent of the endosomal pH (Fig- 
ure 6B). 
In sum, our coprecipitation results suggested that the 
incoming virus lost most of the capsid components, except 
for the hexon, at different stages of the entry process. 
Elements of the vertex, the fiber and penton base, and 
minor capsid components were lost in endosomes. The 
loss of fiber may be essential to detach the virus from its 
primary cell surface receptor, while the other events could 
be a prerequisite for the capsid to become lytic after acid 
activation in early endosomes. The hexon-associated cap- 
sid-stabilizing protein IX was detached in the cytosol by 
the time the virus localized to the nuclear membrane and 
released the DNA. 
Discussion 
Our  results showed that adenovirus 2 undergoes multiple 
sequential uncoating steps as it moves from the cell sur- 
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face via endosomes to the nuclear membrane. The virus 
particle, which is very stable as long as it is outside the 
ceil, is dismantled and weakened by the elimination of 
structural proteins upon entry so that it can efficiently re- 
lease its DNA into the nucleus of the cell. The loss of 
specific proteins occurs by proteolytic degradation and 
selective dissociation. The specific interactions estab- 
lished during virus assembly are systematically broken 
down to allow the release of the genome and to affect 
its targeting to the nucleus. As schematically depicted in 
Figure 7, the uncoating process already begins during en- 
docytic uptake at the plasma membrane or immediately 
thereafter, with further changes taking place in the endo- 
somal compartment and the cytosol. It culminates some 
30 min after internalization with DNA release and the dis- 
sociation of the hexon shell. 
The proteins lost from the virion at different stages of 
the process fall into four categories. First, the proteins 
present in the vertex are removed. Our  data suggest that 
the entire penton complex with fiber, Illa, and penton base 
falls apart and dissociates from the virus particle. Kinet- 
ically, this occurs in at least two separate events, with the 
fiber and llla dissociating lo-12 min after warming and 
the penton base 3-5 min later. These changes may be 
important for making the virus penetration competent. The 
penton base protein has been implicated as the lytic factor 
responsible for the escape of viruses from endosomes 
(see Pastan et al., 1986), and acid-treated viruses attach 
to l iposomes specifically at the vertex (Blumenthal et al., 
1986). Our  preliminary results with a temperature-sensi- 
tive adenovirus 2 mutant, tsl , are consistent with the view 
that the vertex may be involved in penetration from endo- 
somes. This mutant does not quantitatively lose its fibers 
during cell entry (U. F. G., A. H., and J. Weber, unpub- 
lished data) and does not penetrate into the cytosol after 
endocytosis (Miles et al., 1980). 
The second group of proteins affected early in the entry 
pathway are proteins VI and VIII, which provide a link be- 
tween the DNA and the inside surface of the capsid (Stew- 
art et al., 1993). Protein VI is located just underneath the 
peripentonal hexons and VIII is thought to be associated 
with the facettes. We found that soon after endocytosis, 
protein VI is degraded. Protein VIII, in contrast, dissociates 
from the particle. The loss of these proteins could be re- 
lated to the changes at the vertex and could be necessary 
to release the DNA for subsequent exit from the particle. 
A third group of proteins that stabilize the hexon facettes 
are also lost at two different stages. They include the exter- 
nally located protein IX, which appears to dissociate from 
the virus in the cytosol, and protein Illa, which links adja- 
cent facettes and is lost in endosomes. These dissociation 
events may be needed to destabilize the capsid structure. 
Alternatively, their loss could be required to dissociate the 
particle once the DNA has been ejected. 
The fate of a fourth group of proteins, those binding 
directly to the DNA and entering the capsid together with 
the genome during virus assembly (see Horwitz, 1990) 
is not clear. It is likely that they also undergo major 
changes. At least protein V, which is a major DNA-binding 
protein, is removed from the particle before the DNA en- 
ters the nucleus (unpublished data). 
From our analysis of individual proteins, a picture 
emergesof an organized, sequential, and temporally regu- 
lated uncoating process. The stabilizing interactions be- 
tween the structural components of the virus, established 
during assembly in the nucleus of the infected cell, are 
systematically broken down as the virus passes through 
the compartmental barriers that separate it from the nu- 
cleus of the new host cell. Some of the changes occur 
during endocytosis and penetration, others during tar- 
geting to the nucleus and uncoating of the DNA. 
Entry is efficient and rapid. Of virus particles initially 
bound to the cell surface, about 40% are able to release 
their DNA inside the cell. Our  unpublished data as well 
as published data (Lyon et al., 1978) using in situ autoradi- 
ography indicate that the majority of the released DNA 
reaches the nucleus. The only major losses that we de- 
tected were due to shedding of virus particles from the 
cell surface (about 20%) and to particles that reached the 
cytosol, but failed to release their DNA (about 40% of origi- 
nally cell-bound viruses). Unlike many other viruses that 
enter by endocytosis (see Marsh and Helenius, 1989), less 
than 5% of the incoming viruses was routed to lysosomes 
and degraded. This indicated that the escape of the virus 
from endosomes into the cytosol is a highly efficient process. 
Our  previous studies on virus entry and uncoating have 
shown that incoming viruses receive signals from the host 
cell that trigger appropriate molecular changes in struc- 
tural proteins required for penetration and uncoating (Hel- 
enius et al., 1980; Helenius, 1992). For example, indepen- 
dent signals for membrane fusion and for uncoating of 
influenza virus are mediated by the low pH in endosomes 
(Martin and Helenius, 1991). So far, for adenovirus 2, we 
only know the signal that induces penetration from the 
endosomes. We confirmed that penetration into the cyto- 
sol is triggered by the mildly acidic pH, as originally pro- 
posed by Pastan and collaborators using a codelivery ap- 
proach (FitzGerald et al., 1983; Seth et al., 1984) and in 
vitro l iposome lysis assays (Blumenthal et al., 1986). 
Along the adenovirus entry pathway, there must be fur- 
ther signals to trigger the other events. The changes in 
the vertex occur without acidification, and most of them 
take place well before penetration. These signals could 
involve the interaction of the virus with primary or second- 
ary receptors. For adenovirus 2, the vitronectin-binding 
integrins (the secondary receptors) are likely candidates to 
transmit the fiber release signal because they are essential 
for endocytosis (Wickham et al., 1993). The fiber recep- 
tors, whose identity is presently unknown, do not support 
receptor-mediated uptake (Wickham et al., 1993). It is also 
conceivable, but less likely, that the signal involves a 
change in the ionic milieu other than pH. In isolated vi- 
ruses, the fiber is tightly bound to the penton base and 
difficult to release by manipulating buffer conditions (Laver 
et al., 1969; Prage et al., 1970). 
The triggers for the proteolytic events that accompany 
virus entry are also unknown. Since proteolysis of protein 
VI was pH independent and insensitive to inhibitors of 
‘Cell Entry of Adenovirus 
,483 
cellular proteases, it is probably catalyzed by a viral activ- 
Ity. The virus is known to contain a cysteine protease, 
which has among its substrates the proteins VI and V, 
which may be digested during entry. For a full understand- 
ing of the uncoating and DNA delivery mechanism used 
by adenoviruses, these and other processes in the path- 
way can now be experimentally addressed. Since adeno- 
viruses are considered particularly useful DNA delivery 
vehicles for gene transfer, it is important to understand in 
greater detail each step of virus interaction with the host 
cell. 
Experimental Procedures 
Virus, Cells, and Antibodies 
Adenovirus type 2 was provided by Dr. E. White (State University of 
New Jersey-Rutgers, New Brunswick, New Jersey). The nomenclature 
01 the structural viral polypeptides was used as described (Maize1 et 
al., 1968). Monolayers of cells were grown in modified Eagle’s medium 
(MEM) containing 10% fetal bovine serum, 1 mM L-glutamine, 1% 
penicillin-streptomycin, and 1% nonessential amino acids in a humidi- 
fied incubator with a 5% CO* atmosphere at 37’C. (All the tissue 
culture reagents were from GIBCO, Grand Island, New York.) KB cells 
(human epidermoid carcinoma), HeLa cells, and A549 cells (human 
lung carcinoma) (Giard et al., 1973) were obtained from American Type 
Culture Collection (Rockville, Maryland). 
Rabbit antisera against hexon (R70) and fiber (R72) were a gift of 
Dr. M. Horwitz (Albert Einstein University, New York, New York)(Baum 
et al., 1972). lmmunoglobulin G (IgG) fractions were purified by pH 
3.0 elution from protein G-Sepharose (Pharmacia-LKB, Uppsala, 
Sweden) and immediately neutralized with Tris-HCI (pH 8.0) and 
stored in 50% glycerol at -20°C (Harlow and Lane, 1988). The murine 
monoclonal anti-LAMP-l antibody 5/Gil was provided by Dr. T. Au- 
gust (The Johns Hopkins University School of Medicine, Baltimore, 
Maryland) (Mane et al., 1989). 
Plaque Assay 
Virus was diluted into MEM-0.2% bovine serum albumin (BSA) and 
incubated in 60 mm dishes of near confluent A549 cells for 90 min 
(or 120 min where specified) at 37OC in a humidified CO, incubator. 
Unbound virus was removed, and cells were overlaid with 5 ml of 
agar (Lawrence and Ginsberg, 1967; Williams, 1970), followed by an 
additional 5 ml of overlay medium after l-2 days. Plaques were 
counted 5-6 days postinfection by negative staining with 0.1% crystal 
violet, and results were scored as mean values from two different 
lo-fold virus dilutions. 
To determine the time of penetration from endosomes, virus was 
bound to A549 cells in ice-cold RPM1 medium (GIBCO BRL) containing 
0.21% BSA, buffered with 20 mM HEPES-NaOH (pH 7.4). Unbound 
virus was washed away with cold binding medium, and endocytosis 
was allowed by addition of warm binding medium and incubation at 
37°C. Identical results were obtained when endocyiosis occurred in 
MEM-BSA medium in a CO2 incubator. To block penetration, monen- 
sin or ammonium chloride was added to 20 pM and 25 mM, respec- 
tively. One set of dishes was prepulsed with the drugs for 30 min in 
ME:M-BSA medium at slightly alkaline pH to ensure maximal efficacy 
of the drugs (Kielian et al., 1986). After 120 min, the inoculum was 
removed, and warm medium containing drugs was added for an addi- 
tional 30 min. The cells were washed twice in drug-free medium and 
overlaid with agar and incubated for 5-6 days as described above. 
To determine the effect of leupeptin on infection, 95% confluent 
A549 cells were treated with 20 &ml leupeptin (Sigma, St. Louis, 
Missouri) for 16 hr and processed for plaque assay as described above. 
Leupeptin was present for 2 hr postinfection and was washed out 
immediately before the cells were overlaid with agar. 
Virus Preparations 
Infected HeLa cells were harvested 72 hr postinfection, extracted with 
Freon 113 (trichloro-trifluoroethane, Mallinckrodt, Paris, Kentucky) as 
described (Lawrence and Ginsberg, 1967) and purified by two subse- 
quent centrifugations through two cushions of 1.2 and 1.4 g/ml CsCl 
in 50 mM Tris-HCI (pH 8.0) (modified according to Nevins, 1981). Virus 
was concentrated in a collodion bag (Schleicher & Schuell, Keene, 
New Hampshire) by vacuum dialysis against 0.01 M  Tris-HCI (pH 8.0), 
150 mM NaCl and stored in aliquots at -7OOC. Virus (1 mg) contained 
10” pfu as determined by plaque assays and protein measurements 
(bicinchoninic acid assay, Pierce Chemical, Rockford, Illinois). The 
particle to plaque-forming units ratio was 30, assuming that one ab- 
sorbance unit at 260 nm equals 1 .l x 10” particles (Maize1 et al., 
1968). 
[35S]methionine-labeled virus was prepared in HeLa cells, modified 
as described (Seth et al., 1984). About 5 x 106 cells were infected 
with adenovirus 2 at a multiplicity of infection of 10 in 3 ml MEM con- 
taining 0.2% BSA for 90 min at 37OC. Unbound virus was washed off, 
and cells were incubated in MEM containing 5% fetal bovine serum 
for 16 hr. Cells were incubated in 4 ml of methionine-free MEM con- 
taining 5% fetal bovine serum for 45 min at 37OC to deplete endoge- 
nous methionine. Cells and virus were subsequently labeled with 1 
mCi of Tran?S-label (1000 CilmM; ICN Biomedicals, Irvine, California) 
for 8 hr, when the medium was supplemented with 2 mM unlabeled 
methionine. Virus was purified 70 hr postinfection as described above, 
except that BSA was present at 1 mglml in all solutions. Isolated virus 
(3.35 x l@cpm/ml) had aspecific infectivityof0,6cpm/pfu, equivalent 
to 6 x 1O’O cpm/mg viral protein. More than 99% of the radioactivity 
of purified pS]methionine-labeled virus was TCA precipitable. The 
specific radioactivity was high enough to study the fate of minor struc- 
tural proteins during virus entry into cells. The isolated virus, however, 
did not contain detectable quantities of labeled core proteins V and 
VII (Figure 3B), which are normally synthesized late during infection 
(Anderson et al., 1973; Colby and Shenk, 1981). 
For metabolic labeling of the viral DNA, 5 x lo6 cells were infected 
with 10 pfu per cell of adenovirus 2 as described above. [Methyl- 
3H]thymidine (85 Cilmmol; Amersham, Arlington Heights, Illinois) was 
added 8 hr postinfection to 0.3 mCi/ml. and virus was isolated and 
concentrated to 1 O’cpmlml asdescribed above. The specific infectivity 
of the virus was 0.033 cpmlpfu, equivalent to 3.3 x lo9 cpmlmg pro- 
tein. More than 99.5% of the radioactivity of [3H]thymidine-labeled 
virus was TCA precipitable. 
Binding and Endocytosis 
For all the experiments, we used purified virus labeled with 13H]thymi- 
dine or [“Slmethionine such that the multiplicity of infection was 1. This 
corresponded to about 30 particles per cell. The particle population in 
our preparations was homogeneous with respect to cell binding, since 
the supernatants from one binding experiment bound as efficiently to 
fresh cells as the original viruses (data not shown). While the number 
of viruses bound was dependent on the temperature, the efficiency 
of infection of bound viruses was not. This was determined by plaque 
assays with virus bound for 2 hr on ice or at 37OC. The virus yields 
correlated exactly with the amount of bound virus after 2 hr at the 
two temperatures. Subsequent experiments therefore involved a 2 hr 
prebinding step at 4OC to synchronize the entry process. 
The kinetics of virus endocytosis were determined by the amount 
of hexon protein resistant to trypsin proteolysis. About 2 x lo5 cpm 
of [35S]methionine-labeled virus were added to monolayers of approxi- 
mately iOK attached KB cells in 1 ml of cold RPM1 1640 medium. 
Endocytosis was carried out at 37OC as described for the plaque 
assays. Cells were washed with cold binding medium and cold phos- 
phate-buffered saline, and surface-bound virus was digested with tryp- 
sin (0.2 mglml in phosphate-buffered saline) for 1 hr on ice. Trypsin 
was inactivated by sequential addition of phenylmethylsulfonyl fluoride 
(1 mM), soybean tlypsin inhibitor(1 mg/ml), L-l-tosylamido-2-phenylethyl 
chloromethyl ketone (TPCK) (0.01 mglml), and 1-chloro-3-tosylamido- 
7-amino-2-heptanone (TLCK) (0.01 mglml). and the cells were col- 
lected by centrifugation and lysed for 10 min in 1 ml of ice-cold lysis 
buffer consisting of 0.5% Empigen BB (Calbiochem, San Diego, Cali- 
fornia) in MNT buffer (20 mM 2-[N-morpholino]ethanesulfonic acid 
[MES]. 30 mM Tris [pH 7.5],100 mM NaCI) containing protease inhibi- 
tors (from Sigma, St. Louis, Missouri), 0.1 mM EDTA, 0.5 mM phenyl- 
methylsulfonyl fluoride and benzamidine, and 10 pglml chymostatin, 
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leupeptin, antipain, pepstatin, TPCK, and TLCK. Lysateswere clarified 
from nuclei and aggregates by centrifugation at 10,000 x g for 4 min 
in a table top centrifuge and were precipitated with 15% TCA for 30 
min on ice. Insoluble material was collected bycentrifugation at 12,000 
rpm in a table top centrifuge for IO min at 4%, briefly washed in 
ice-cold 90% acetone, 10% 0.1 N HCI, air dried, and dissolved in SDS 
sample buffer. Cleaved and protected hexons were analyzed by SDS- 
polyacrylamide gel electrophoresis (SDS-PAGE) and fluorography 
and quantified by densitometric scanning. Similar results were ob- 
tained using whole-cell lysates instead of postnuclear supernatants 
(data not shown). 
The rate of adenovirus endocytosis was also measured by trypsin 
release of DNA-labeled virus from the cell surface. PH]thymidine- 
labeled virus, diluted with unlabeled virus, was bound and endocy 
tosed to KB cells at a multiplicity of infection of 10 or 100. Cells were 
treated with trypsin (2 mglml; GIBCO, Grand Island, New York) for 1 hr 
on ice in phosphate-buffered saline containing 1 mM EDTA to facilitate 
virus release from the surface. The amounts of cell-associated and 
released viruses were directly determined by liquid scintillation count- 
ing. The half time of endocytosis was 11 min, in good agreement with 
the hexon cleavage assay. 
Degradation Analysis and lmmunoprecipitations 
To estimate the kinetics of degradation of incoming viral proteins, 
[*S]methionine-labeled virus was bound to KB cells and endocytosed 
for different times. Postnuclear supernatants were prepared in MNTl 
Empigen as described above and lysates precipitated with 15% TCA. 
The TCA precipitates were dissolved in electrophoresis sample buffer 
(Singh and Helenius. 1992) heated to 95°C for 5 min, and run on 
12.5% SDS-polyacrylamide gels (Lammli, 1970). Fluorographs were 
obtained from salicylate-impregnated gels on Kodak XAR-5 films, and 
densitometry was performed by the scanning of bands and integration 
of band intensity on a digital scanner Visage 2000 (Bioimage, Ann 
Arbor, Michigan). filternatively, quantitation of individual bands was 
carried out by phosphorimaging using Image Quant Software 3.0 (Mo- 
lecular Dynamics, Sunnyvale, California). Qualitatively similar results 
were obtained using whole-cell lysates instead of postnuclear superna- 
tants (data not shown). 
Incoming radiolabeled virus was immunoprecipitated from lo5 cell 
equivalents of postnuclear Empigen lysates with 1.6 ug of IgG of the 
polyclonal antibodies R70 and R72, respectively, bound to 12 ul of 
fixed Staphylococcus aureus bacteria(Zymed Laboratories, San Fran- 
cisco, California). After 1 hr at 8’C on a rocking plate, immunocom- 
plexes were washed four times in ice-cold lysis buffer, and [35S]methio- 
nine-labeled virus was analyzed by SDS-PAGE. The amounts of 
[3H]thymidine-labeled DNA associated with fiber and hexon were de- 
termined by liquid scintillation counting after elution in 2% SDS, 0.005 
M  EDTA, 0.05 M  HEPES-NaOH (pH 7.4). 
lmmunoelectron Microscopy 
KB cells were grown for 4 days in 30 mm dishes and infected with 
0.4 ml of 0.6 mglml purified adenovirus 2 for 60 min at 37°C in MEM- 
BSA. Unbound virus was washed off, and cells were fixed in 0.2% 
glutaraldehyde and 1% formaldehyde buffered in 0.1 M  sodium caco- 
dylate (pH 7.4). Pellets of cells, scraped from the dish with Teflon, 
were infiltrated with 2.3 M  sucrose in phosphate-buffered saline and 
frozen by immersion in liquid nitrogen. Cryosections, obtained using 
an Ultracut E with FC4 cryoattachment (Leica, Deerfield, Illinois) and 
a diamond knife (Diatome US, Ft. Washington, Pennsylvania), were 
labeled and contrasted following established methods (Griffiths, 1993). 
The sections were labeled with purified rabbit IgGs of R70 and R72 
followed by protein A-gold (University of Utrecht, The Netherlands). 
Nonspecific labeling was reduced if the antibodies were diluted before 
use to 0.2 mglml with 0.1 ml of a cytosolic rat liver extract (30 mglml) 
(Greber et al., 1990) containing 10 uglml leupeptin, pepstatin, and 
aprotinin. The sections were contrasted by drying in the presence of 
uranyl acetate in methyl cellulose. 
Characterization of Anti-Adenovirus 2 Antibodies 
The specificities of the anti-hexon antibody R70 and the anti-fiber anti- 
body R72 (Baum et al., 1972) were confirmed by immunoprecipitations 
under dissociating conditions from SDS-extracted HeLa cells infected 
with adenovirus and labeled with [3sS]methionine. R70 efficiently pre- 
cipitated the hexon protein as well as a few minor bands, possibly 
degradation products of hexon. R72 specifically precipitated fiber with- 
out contaminating proteins. Control reactions without adenovirus- 
specificantibodies were blank. Under nondissociatingconditions, e.g., 
in the presence of the zwitterionic detergent Empigen, R70 and R72 
precipitated the complete set of structural polypeptides from purified 
[3SS]methionine-labeled adenovirus. At the given amounts of antibod- 
ies and virions, the immunoprecipitation efficiencies were about 30%- 
40%. Reactions without anti-adenovirus antibodies did not precipitate 
any labeled viral polypeptides. 
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